In the present work, we report on the study of InGaP/Ge heterojunctions grown by metal organic vapor phase epitaxy at different growth temperatures, with the aim of analyzing properties of the layer and interface between InGaP epilayer and germanium substrate. Secondary Neutral Mass Spectroscopy, Rutherford Backscattering Spectrometry, High Resolution X-Ray Diffraction, Transmission Electron Microscopy and Atomic Force Microscopy have been used to characterize the layers. The main goal of this work is to get information about diffusion processes of Ga, In, P in the substrate and of Ge in the epitaxial film. Since the interface roughness during sputtering and the effect of diffusion depends on the growth temperature, depth profiles measured experimentally were combined with surface roughness data in order to get more reliable information about diffusion profiles and the real depth distribution of elements in the interface. which negatively affects the device performance.
ions were detected using an ORTEC surface barrier detector mounted 82 in Cornell geometry at scattering angle of θ = 165
• . The energy reso-83 lution of the detection system was 16 keV. Atomic Force Microscopy 84 (AFM) in contact mode (Digital Instruments Nanoscope IIIa) was em-85 ployed to study the surface morphology. The average surface rough-86 ness values were estimated from the analysis of AFM images. AFM 87 measurements were performed over 15 × 15 μ m 2 areas on four dif-88 ferent randomly selected places of the sample surface and the AFM 89 image analysis was carried out by Gwyddion software. Transmission 90 Electron Microscopy (TEM) operated in two-beam diffraction con-91 trast and high resolution (HR-TEM) modes, using a JEOL 2200FS 92 TEM/STEM field emission gun at 200 kV was employed.
93

Results and Discussion
94
In order to estimate the composition of the layer, the mismatch 95 ( d/d) was determined from X-ray diffraction profiles recorded for the 96 three samples grown at different temperatures (600, 650 and 675
• C). 97 We used the first order formula d/d = − θ/tanθ to obtain the av-98 erage indium content of 0.43 (In 0.43 Ga 0.57 P). In addition, the X-ray 99 measurements showed that the layers were crystalline with defects 100 inside the lattice and reciprocal lattice map of the same sample in 115 101 geometry indicated the presence of strain release. (Table I) . The diffusion of constituents of the InGaP layer into Ge substrate 111 was checked by RBS measurements. Fig. 2 shows the RBS/C spectra 112 for two samples where the InGaP layer was chemically removed using 113 HCl solution from the substrate prior to measurements in order to have 114 only the contribution of the elements In, Ga, P diffused into the Ge 115 substrates during growth time. Among elements, the background free 116 detection was only possible for In, while the Ga signal was detected 117 very close to Ge (see Fig. 2 ). The detection limit was the highest for 118 P due to its low atomic number and backscattering cross section. The 119 presence of about 1-3 at% In can be observed in the subsurface region 120 of the samples. The higher amount of In diffused into the substrate of 121 Sample 1 can be explained by an intensive grain boundary diffusion 122 in the twin crystal structure which characterizes the 600
110
• C growth 123 mechanism, see the AFM patterns in Fig. 1a and 1c . It is difficult to 124 estimate the presence of Ga and P due to overlapping with Ge and 125 the high detection limit compared to In. The channelling spectrum for 126 the sample grown at 650
• C showed a minimum yield of about 5% 127 indicating a good crystalline quality for the Ge substrate.
128
Depth distribution of constituents determines the physical proper-129 ties of thin films and has an important role in doping of Ge substrate, 130 particularly in study of the infrared cell doping behavior. According 131 to chemical reactions of CVD technology, the substrates are usually 132 kept at high temperatures during sample preparation. As this time 133 is long enough to let any atomic motion or diffusion between the 134 substrate and film to take place, it is very important to determine 135 the in-depth chemical composition, mainly at the interface. Since the 136 main elements composition of a film determine the basic properties, 137 the diffusion from the overlayer through the substrate during prepara-138 tion time can modify these basic properties, as it is practically a doping 139 process. In our previous works, 9,11 we have already shown that a sput-140 ter based depth profile analysis is a unique tool for revealing interface 141 Figure 2 . RBS channeling spectra of two substrates after removal of the InGaP layers grown at different temperatures of 600 and 675 • C. For comparison a random spectrum is also shown. Surface peak positions for In, Ga, Ge, and P are represented by the arrows. nition of depth resolution at a sharp interface. 12 In Fig. 3a we have
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163
shown the method for determining the interface width.
164
In our experiments, from the surface analyses it turned out that our 165 samples had high surface roughness depending on the growth temper-166 ature ( Table I) . As the growth temperature increases, the roughness The volume diffusion and grain boundary diffusion compete with 211 each other in the diffusion mechanism accompanied by MOVPE 212 growth process. The linear fittings of the tails of ln C vs. d 2 and 213 ln C vs. d 6/5 functions, where C is the concentration and d is the depth 214 as given in Fig. 4 which yield a possibility to estimate the diffusion 215 coefficients.
14 ,15 While ln C vs. d 2 function gives information about 216 the effective diffusivity, the linear part of ln C vs. d 6/5 curve deter-217 mines the grain boundary diffusion coefficient. The effective diffusion 218 coefficient of Ge in InGaP layer was estimated to be 3.7 ·10
− 23 m 2 /s 219 in case of Sample 2, and 1,5 ·10 − 22 m 2 /s in case of Sample 3. We 220 also found that the linear part of ln C vs. d 6/5 function was longer 221 seen in Sample 3 than in Sample 2, i.e. the effect of grain boundary 222 diffusion was higher in Sample 3 than in Sample 2. The results of 223 Sample 1 could not be used to determine the diffusion coefficient 224 because the thickness of the interface layer was so high that the infor-225 mation concerning to the diffusion was totally smeared out. A deeper 226 understanding of the diffusion process took place during preparation 227 requires more experiments. Our results showed that a diffusion con-228 trolled doping effect can exist only when the substrate is kept at high 229 temperature during preparation.
230
Diffusion of film constituents into the opposite direction, i.e. into 231 the substrate, also exists with lower intensity because the substrate is a 232 Figure 4 . Indium and germanium depth distributions in Samples 2 and 3. The symbols denote the values measured experimentally, the lines are the calculated depth distribution. It can be seen that the diffusion process is more effective at temperature of 675 • C than it is at 650 • C. single crystal. The indium signal in Fig. 4 and the RBS spectra in Fig. 2 233 represent the result of this process. Although the interface width of the 234 sample grown at 650
• C was higher than that of the Sample 3 grown 235 at 675
• C, the diffusion was more intensive at higher temperature.
236
This result supports our conclusion that the interface width is mainly 237 determined by the surface roughness and not by the diffusion.
238
The largest interface width of 195 nm was found in sample 1.
239
The explanation for that lies in the crystal structure. The InGaP layer 240 grown at 600
• C has an ordered phase. 9 Fig. 5a shows the TEM image of operation of TEM. The interface was indicated by the black arrow. 244 The defects shown in the image were stacking faults and twins lying on 245 (111) planes inclined 54.7
• to the (100) plane. The HR-TEM image of 246 a twin is shown in Fig. 5b . Such defects in the InGaP film originated at 247 the Ge surface, but sometimes quite far (30-50 nm). During sputtering 248 the surface of this region is rough, the interface widens due to the twin 249 structure, and the surface roughness is non-Gaussian type preventing 250 the calculation of depth distribution.
251
Conclusions
252
InGaP layers grown by MOVPE were characterized to understand 253 the diffusion mechanism between the film and substrate. Surface anal-254 ysis by AFM showed a temperature dependency of surface roughness. 255 The roughness decreased with the increase of growth temperature. 256 SNMS technique reported the depth distribution of elements and re-257 vealed that the interface width decreased with decreasing the surface 258 roughness. Supplementary measurements with calculations based on 259 surface roughness showed that Ge diffused in the film more intensively 260 at higher temperature. Diffusion of film constituents into the opposite 261 direction, i.e. into the substrate, can also exist. We demonstrated that 262 although the interface width of the sample grown at 650
• C was higher 263 than that of the sample grown at 675
• C, the diffusion was more inten-264 sive at the higher temperature, i.e. the interface width is determined 265 by the surface roughness and not by the growth temperature. 
